Introduction
The gastrointestinal peptides, cholecystokinin (CCK) [1, 2] , and gastrin [3] , have been shown to stimulate growth of pancreatic cancer. Researchers have used a decapeptide analog Abstract Advanced pancreatic ductal adenocarcinoma (PDAC) has typically been resistant to chemotherapy and immunotherapy; therefore, novel strategies are needed to enhance therapeutic response. Cholecystokinin (CCK) has been shown to stimulate growth of pancreatic cancer. CCK receptors (CCKRs) are present on pancreatic cancer cells, fibroblasts, and lymphocytes. We hypothesized that CCKR blockade would improve response to immune checkpoint antibodies by promoting influx of tumor-infiltrating lymphocytes (TILs) and reducing fibrosis. We examined the effects of CCKR antagonists or immune checkpoint blockade antibodies alone or in combination in murine models of PDAC. Monotherapy with CCKR blockade significantly decreased tumor size and metastases in SCID mice with orthotopic PDAC, and in C57BL/6 mice, it reduced fibrosis and induced the influx of TILs. Immune-competent mice bearing syngeneic pancreatic cancer (Panc02 and mT3-2D) that were treated with the combination of CCK receptor antagonists and immune checkpoint blockade antibodies survived significantly longer with smaller tumors. Tumor immunohistochemical staining and flow cytometry demonstrated that the tumors of mice treated with the combination Electronic supplementary material The online version of this article (doi:10.1007/s00262-017-2077-9) contains supplementary material, which is available to authorized users.
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of CCK, cerulein, to accelerate pancreatic carcinogenesis in animal models, such as the nitrosamine model [4] or in the KRAS transgenic mouse model [5] . Gastrin is found in the fetal pancreas [6, 7] , but levels rapidly decrease to zero after birth in the pancreas, and gastrin expression is then only detected in the stomach [8] . However, gastrin is re-expressed during pancreatic carcinogenesis in early pancreatic intraepithelial neoplasia (PanIN) lesions [9] and is overexpressed in pancreatic cancer where it regulates the growth of pancreatic cancer by an autocrine mechanism [10, 11] . Both gastrin and CCK stimulate the growth of pancreatic cancer through G-protein-coupled CCK receptors [12, 13] , and these receptors are markedly overexpressed in cancer. When gastrin is silenced by RNA interference [14] , pancreatic cancer growth is significantly decreased. In addition, if the cholecystokinin receptor (CCKR) is downregulated [15] , or the CCKRs are blocked with antagonists [13, 16] , pancreatic cancer growth is inhibited.
Three types of CCKRs have been characterized and sequenced. The CCK-A receptor is the predominant type found in normal rodent pancreas [17] , whereas the CCK-B receptor is the form found in the normal human pancreas [18, 19] . Of interest, when the rodent pancreas undergoes malignant transformation as a result of azaserine treatment [20] or under the influence of mutant KRAS [21] , the rodent pancreas expresses the CCK-B receptor type. The third variety of CCK receptor, the CCK-C receptor, is a splice variant of the CCK-B receptor that occurs only in human PDAC patients with a germline single nucleotide polymorphism (rs1800843) [22, 23] . Although human pancreatic cancer may have both CCK-A and CCK-B receptor subtypes [19, 24] , PDAC growth is mediated through the CCK-B receptor type and its splice variant [16] . A clinical trial using CCKR blockade was conducted many years ago to treat human subjects with advanced PDAC, and unfortunately, this trial failed because a selective CCK-A receptor antagonist was used rather than a CCK-B antagonist [25] . A number of receptor-specific CCKR antagonists have been developed that have high affinity to either the CCK-A or CCK-B receptor and others are under investigation [26] . L364,718 (devazepide) is a highly potent and selective antagonist to the CCK-A receptor [27] , the predominant receptor variety in mouse pancreas and in mouse Panc02 pancreas cancer [28] . Proglumide [29] is a less potent nonselective antagonist and inhibits the actions of peptides at both the CCK-A receptor and the CCK-B receptor.
CCKRs have also been identified on rodent tissue fibroblasts [30] , rodent pancreatic stellate [31] cells, and also on human pancreatic stellate cells [32] ; when these receptors are stimulated, the fibroblasts become activated to produce desmoplastic stroma characteristic of the microenvironment of pancreatic cancer [33, 34] . Evidence that CCKRs play a role in the dense fibrosis of the pancreas cancer microenvironment was demonstrated when CCKR blockade with proglumide inhibited fibrosis in the mutant KRAS murine model [21] .
Apart from its normal physiologic role in digestion, proliferative effects on cancer epithelial cells, and collagen promoting effects from pancreatic stellate cells, CCK-8 also serves as an immunomodulatory peptide. Immune cells also have CCKRs [35] that respond to CCKR blockade to change their cytokine expression signature. CCK can influence the action of specific CD4+ T cell subsets by regulating antigen-presenting cell functions, and this effect is blocked with CCKR antagonists [35] . Zhang and colleagues [36] showed that CCK peptide administration suppressed Th1 phenotype while enhancing Th2 development and cytokine production; CCKR antagonists blocked this effect. Because CCKRs are found on three components of the pancreatic cancer microenvironment, (pancreatic epithelial cells, cancer-associated fibroblasts (CAFs), and immune cells), use of pharmaceutical agents that block the signaling at this receptor may be useful in improving therapy to pancreatic cancer.
We hypothesized that CCKR blockade would change the immune signature and decrease fibrosis of the tumor microenvironment to make pancreatic cancer more receptive to immune therapy with immune checkpoint blockade. In this investigation, we studied the outcome of CCKR blockade on primary tumor growth and metastases, fibrosis and tumorinfiltrating lymphocytes (TILs) of the microenvironment, and survival in murine models of PDAC alone and in combination with immune checkpoint antibodies.
Materials and methods

Cell lines
Panc02 cells, a murine pancreatic cancer cell line which is syngeneic to C57BL/6 mice, [37] were a gift from Professor Corbett (Wayne State University, MI, USA). Cells were cultured in DMEM: F12 media with 10% FBS. Histologically, Panc02 cancer cells resemble human pancreatic cancer, in that they are ductal epithelium; in vivo, the tumors are locally invasive and metastatic, and Panc02 tumors are associated with a dense fibrotic microenvironment. Panc02 cells express the CCK-A receptor [28] . This cell line has been used for decades when studying PDAC in an immunecompetent model.
The second cell line used in this investigation mT3-2D (mT3) was obtained from the laboratory of Dr. David Tuveson (Cold Spring Harbor) [38] . This murine pancreatic cancer cell line was developed from organoids isolated from mutant Kras LSL-G12D ; Pdx1-Cre mouse PDAC lesions [38] and it has mutant KRAS, similar to human PDAC. The cell line is also syngeneic to C57BL/6 mice; and therefore, capable of being studied in immune-competent mice.
Characterization of CCK receptors on mT3 pancreatic cancer cells
To confirm that mT3 cancer cells express CCKRs, total RNA was extracted from mT3 cells with an RNeasy Plus Mini Kit (Qiagen, Germantown, MD) and 1 μg was subjected to RT-PCR in a SimpliAmp Thermal Cycler (Applied Biosystems, Carlsbad, CA) for the evaluation of CCK-A and CCK-B receptor expression status. Reverse transcription was performed under the following conditions: 95 °C × 30 s (denaturation), 60 °C × 1 min (annealing), and 72 °C for 30 s (elongation) ×35 cycles using murine CCK-A receptor primers: 5′CTT TTC TGC CTG GAT CAA CCT3′ (forward); 5′ACC GTG ATA ACC AGC GTG TTC3′ (Reverse). The murine primers for the CCK-B receptor were as follows: forward primer 5′GAT GGC TGC TAC GTG CAA CT3′ and reverse primer 5′CGC ACC ACC CGC TTC TTA G3′. HPRT was used as a reference gene and primers were: 5′TCC TCC TCA GAC CGC TTT 3′ (forward), 5′TTT TCC AAA TCC TCG GCA TAATG3′ (reverse). PCR products were evaluated by gel electrophoresis in a 2% agarose gel. Confirmation of CCK-B receptor protein expression was confirmed with immunofluorescence with CCK-B receptor antibody (1:200; Abcam ab77077, Toronto, Canada) conjugated to Dylight 488 (ab201799). Nuclei were stained with Hoescht: NucBlue™ (Thermofisher).
Animal models
Three different murine models were used in this investigation: (1) severe combined immune-deficient (B6.CB17-Prkdc scid /SzJ; SCID) mice to study the role of CCKR blockade on orthotopic cancer growth and metastasis independent of immune cells, (2) immune-competent Pdx1-Cre/LSLKras G12D transgenic mice for a pancreatic carcinogenesis model to study the role of CCKR blockade on the pancreatic stellate cells and immune cells of the pancreas, and (3) immune-competent C57BL/6 mice to study the role of CCKR antagonist in combination with immune checkpoint antibodies on growth and survival of mice bearing syngeneic PDAC tumors. Institutional guidelines for care and use of laboratory animals were followed throughout the study in accordance with protocols approved by the Georgetown University Institutional Animal Use and Care Committee.
In the following series of experiments, Panc02 cells (1 × 10 6 ) were injected either orthotopically as previously described [14] or subcutaneously (1 × 10 6 and 2 × 10 6 ) in mice. mT3 cells (1 × 10 5 ) were grown subcutaneously in immune-competent syngeneic mice. Subcutaneous tumor volumes were measured with calipers weekly in animals bearing subcutaneous tumors using the formula Length × (width) 2 × 0.5.
Treatments
Two different CCKR antagonists were analyzed in this investigation. L364,718 (Tocris Bioscience, Bristol, UK) is a selective CCK-A receptor antagonist [27] which is the primary type of the CCKR in Panc02 murine cancer cells. L364,718 was administered at a dose of 4 mg/kg three times a week by an intraperitoneal injection. The other CCKR antagonist used was proglumide (Tocris) which is an orally bioavailable nonselective antagonist that blocks both the CCK-A and CCK-B receptors but has greater affinity for the CCK-B receptor [39] . Proglumide is water soluble and was administered orally in the drinking water at a concentration of 0.1 mg/mL, or approximately 30 mg/kg/d per mouse, a dose we previously found was effective in blocking the CCKR in vivo [21] . Two immune checkpoint blockade antibodies were used in this investigation. The antibody to the programmed cell death protein 1 (PD-1-Ab) (Bio X cell, West Lebanon, NH) was administered intraperitoneally to mice at a dose of either 125 μg x3 injections or 200 μg every 3 days. The antibody to cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4 Ab; Bio-X cell) was given at a dose of 200 µg every 3 days by intraperitoneal injections.
Study design
To demonstrate the importance of the endogenous immune system in regulating growth and metastases of pancreatic cancer, we compared tumor mass 4 weeks after orthotopic inoculation of 10 6 Panc02 cells in the pancreas of SCID (N = 20) versus C57BL/6 mice (N = 28). Ten mice in each group were treated with L364,718, (4 mg/kg) three times a week and the other mice were treated with PBS (controls). Four weeks after tumor inoculation, mice were euthanized, tumors removed and weighed, and the number of metastases was counted. TILs were evaluated in tumors of the C57BL/6 mice by immunohistochemistry and fibrosis assessed with Masson's trichrome stain.
The second series of experiments was performed to analyze the role of CCKR antagonist monotherapy on the TILs of the pancreas microenvironment during pancreatic carcinogenesis using the Pdx1-Cre/LSL-Kras G12D transgenic mouse. After the mice reached 3-4 months of age, when PanINs and fibrosis are established, mice were treated with either proglumide (in the drinking water) or untreated water. After 4 months of therapy, the pancreata were excised and compared to the pancreas of age-matched litter mates of mice on untreated water. Tissues were stained for fibrosis and CD3+ lymphocytes.
Another series of experiments was performed in C57BL/6 mice to evaluate the role of CCKR blockade in combination with immune checkpoint antibody therapy. Each series of experiments was performed using 40 mice with syngeneic murine tumors. The first two experiments tested the effects of L364,718 and the PD-1 Ab in mice injected with Panc02 cells (1 × 10 6 or 2 × 10 6 ). The 3rd experimental design examined the role of the CTLA-4 Ab and proglumide in mice inoculated with 1 × 10 6 Panc02 cancer cells. In the 4th experiment, the mT3 cells (1 × 10 5 ) were injected and mice were treated with PBS, proglumide, the PD-1 antibody, or the combination of both compounds. Animal treatments were initiated 1 week after cancer cell inoculation to assure all animals in the study had a measurable tumor and not to interfere with tumor initiation. The primary end point was tumor volume (1000 mm 3 ) or mouse survival. Tumors were excised and examined histologically, and by immunohistochemistry, or by flow cytometry for immune cells.
Histology and immunohistochemistry
Pancreatic tumors or whole pancreas (KRAS study) were excised after treatment and the tissues were paraffin-embedded, sectioned, and stained with hematoxylin and eosin, and Masson's trichrome stain for fibrosis evaluation. Some tumors were stained with an antibody to α-SMA (Abcam; Ab124964 at 1:6000). Tumor sections were also stained with either CD3 antibodies (1:85; DAKO, Carpinteria, CA); CD8 antibodies (1:75; eBioscience, San Diego, CA); CD4 antibodies (1:225; eBioscience), or Foxp3 antibody (1:30; eBioscience) and immunoreactive cells counted manually. Fibrosis was determined by Masson's trichrome staining, and a quantitative fibrosis analysis was done in a blinded fashion according to a protocol by Kennedy [40] .
Flow cytometry
Tumors were harvested when they reached approximately 1000 mm 3 . They were processed and stained as previously described [41] .
Statistics
The results of immune cell analysis were expressed as mean ± standard error of the mean (SEM). Comparisons were made by ANOVA and student's t test. Bonferroni corrections were made for multiple comparisons. Survival was analyzed by Kaplan-Meier analysis and differences by hazard ratios using Prism Software (GraphPad software, Inc.). Where data was skewed, a nonparametric Kruskal-Wallis statistical method was performed.
Results
CCKR antagonist monotherapy blocks tumor growth and metastases
Orthotopic Panc02 tumor weights were two to threefold greater in SCID mice compared to C57BL/6 mice (Fig. 1a) suggesting that the endogenous immune system in the wild-type mouse is restraining tumor growth. The CCKR antagonist, L364,718, significantly reduced the primary tumor weight in SCID mice but not in immune-competent mice. Seventy-five percent of the SCID mice had metastases to liver, mesenteric lymph nodes, and/or lung. There were no metastases in the SCID mice that were treated with the CCKR antagonist. Although CCKR antagonist therapy did not alter the primary tumor size in immune-competent mice at the dose used, the CCKR antagonist decreased metastases. Since the CCKR antagonist monotherapy was effective in decreasing primary tumor growth in the immune-deficient mouse, this suggests that inhibition of tumor growth and metastases with CCKR antagonism is at least in part independent of the host immune system.
CCKR antagonist monotherapy significantly modifies the tumor microenvironment
Orthotopic tumors from the C57BL/6 immune-competent mice were analyzed for tumor-infiltrating lymphocytes. Mice treated with L364,718 had a significant increase in CD3+ lymphocytes by immunohistochemistry compared to the tumors from the PBS control mice (Fig. 1b) . In the Pdx1-Cre/LSL-Kras G12D transgenic mouse experiments, the mice that received proglumide monotherapy exhibited a significant increase in the CD3+ cells in the mouse pancreas compared to control animals (Fig. 1b) . Orthotopic Panc02 tumors from PBS-treated mice showed extensive fibrosis in the tumor microenvironment (Fig. 1c) and this fibrosis was significantly decreased in tumors of the mice treated with CCKR blockade (Fig. 1d) . Differences in mean fibrosis scores with CCKR treatment (Fig. 1e) were confirmed by quantitative analysis [40] . In the pancreatic carcinogenesis experiments using the mutant Pdx1-Cre/LSL-Kras G12D mouse, proglumide also significantly reversed fibrosis of the pancreas microenvironment (Fig. 1f, g ). These data show that CCKR antagonist monotherapy alters the pancreas microenvironment by decreasing fibrosis and increasing TILs.
Combination therapy with CCKR antagonist L364,718 and PD-1 immune checkpoint antibody inhibits growth of Panc02 pancreatic cancer
In the next series of experiments, we evaluated whether CCKR antagonist therapy could improve responsiveness to immune checkpoint antibodies in immune-competent mouse models. Panc02 tumors increased in size in the mice treated with PBS (controls). The CCKR antagonist L364,718 monotherapy, and PD-1 antibody monotherapy (at the lower dose-125 μg × 3 injections) did not significantly decrease the tumor size (Fig. 2a) . In contrast, mice receiving the combination of the CCKR antagonist and the PD-1 antibody had tumors 22-times smaller compared to the PBS group (Fig. 2a) . Immunohistochemistry revealed a lack of CD8+ (Fig. 2b) and CD4+ (Fig. 2c ) cells in the tumors from the PBS control animals. Immunoreactivity for both CD4 and CD8 increased in tumors treated with the PD-1 antibody or the CCKR antagonist L364,718. The greatest number of CD8+ and CD4+ cells were noted in tumors of mice treated with the combination therapy. Individual group immunohistochemistry stains are shown for CD8+ tumorinfiltrating lymphocytes (Fig. 2d) and CD4+ tumor-infiltrating lymphocytes (Fig. 2e) .
Effects of CCKR blockade with proglumide and PD-1 antibody on survival of mice with greater tumor burden
In another experiment, immune-competent mice received twice the number of Panc02 cells (2 × 10 6 ) to increase tumor burden. This experiment utilized the CCKR antagonist, proglumide and the PD-1 antibody. The Kaplan-Meier survival curve for this experiment is shown in supplementary Figure 1 . On day 45 when all the PBS control-treated mice had died, 60% of the mice treated with the combination of PD-1 (Fig. 3a) . All PBStreated control animals had died by day 50, while 42% of the CCKR antagonist treated, 42% of the CTLA4-Ab treated, and 71% of the combination-treated mice were still alive (p < 0.05). By day 90, only one mouse was still alive and it was in the combination-treated group.
Immunohistochemical stains of tumors obtained at necropsy showed that Foxp3+ cells were significantly increased in control mice (Fig. 3b) . The number of Foxp3+ cells decreased with treatment and was significantly diminished in tumors of mice treated with the combination therapy (**p = 0.0147). Average CD8+ (Fig. 3c ) and average CD4+ (Fig. 3d ) cell numbers were increased in the Panc02 tumors of mice treated with CCKR antagonism and CTLA-4 antibody, and markedly increased with the combination of both agents. Evaluation by flow cytometry confirmed the immunohistochemical stains (Fig. 3e) . Since the number of CD8+ cells exceeded the influx of CD4+ cells, the CD4:CD8 ratio decreased with combination treatment.
CCKR antagonist proglumide and PD-1 antibody therapy decrease tumor growth and improve survival in mice with mT3 pancreatic cancers
To validate the effects of CCKR antagonism and immune checkpoint blockade antibody therapy, an additional PDAC cell line (mT3) in an immunocompetent mouse model was performed. Analysis of the CCKR type in mT3 murine pancreatic cancer cells by RT-PCR showed that mT3 cells expressed CCK-B but not CCK-A receptor mRNA (Supplementary Figure 2a) . CCK-B receptor protein was confirmed by immunofluorescence (Supplementary Figure 2b) . Therefore, mT3 cells have characteristics that are representative of human pancreatic cancer, e.g., CCK-B receptor type and mutant KRAS.
Growth of mT3 tumors was significantly slower in mice treated with proglumide or PD-1 antibody monotherapy compared to PBS controls (Fig. 4a) . In this experiment, a higher dosing regimen of PD-1 antibody (200 µg every 3 days) may have resulted in the more pronounced inhibitory effect on tumor size compared to the dose used (125 µg × 3 injections) for the Panc02 experiments. Alternatively, the mT3 cancers may be more susceptible to immune checkpoint antibodies. When CCKR blockade was used in combination with the PD-1 antibody, tumor size (Fig. 4a) was significantly decreased. In fact, mice with mT3 pancreatic cancers treated with proglumide or with PD-1 antibody monotherapy survived an average of 12 days longer than PBS control mice. Mice bearing mT3 pancreatic tumors that received the combination of both therapies survived more than 20 days longer than PBS-treated controls.
CD4 + TILs (Fig. 4b ) and the CD8+ lymphocytes (Fig. 4c) increased significantly in the mice with mT3 tumors and were most pronounced with the combination of the CCKR antagonist and the PD-1 antibody. Likewise, the number of Foxp3+ cells decreased with CCKR antagonism, PD-1 inhibition, and combined therapy (Fig. 4d) . Fibrosis as demonstrated by Masson's trichrome stain was high in the PBS-treated tumors (Fig. 4e-1) , and was noticeably less in mice treated with proglumide ( Fig. 4e-2 ) and in mice treated with the combination therapy (Fig. 4e-4) . PD-1 antibody monotherapy did not alter tumor-associated fibrosis (Fig. 4e-3) , confirming that the anti-fibrotic effect was a result of CCKR antagonism. Quantitative analysis of the intratumoral fibrosis confirmed that proglumide-treated mice had significantly less fibrosis (p < 0.01) than PBS controls and PD-1 monotherapy-treated mice (Fig. 4f) . Activated fibroblasts stained positive for α-SMA, and the α-SMA immunoreactivity was somewhat decreased with proglumide, but this change was not statistically significant (supplementary Fig. 3) indicating that other fibrosis-associated proteins may be altered by the proglumide.
Discussion
Our study demonstrates a novel therapeutic approach using CCKR blockade to enhance the response of immunotherapy in pancreatic cancer, a characteristically immune-resistant cancer. Since CCKRs have been reported on pancreatic cancer cells, CAFs, and lymphocytes, our investigation herein looked at all three cell types to study the effects of CCKR antagonism in different models of pancreatic carcinogenesis and established pancreatic cancer. In the immunedeficient SCID mouse, we showed that monotherapy with CCKR blockade decreased the orthotopic PDAC tumor size and metastases suggesting that some growth inhibitory effects mediated through the CCKR are independent of the immune system and due to prevention of peptide signaling at the cancer epithelial cell. The same dosing schedule was less effective in decreasing primary tumor growth in immune-competent mice, but did decrease metastases. These results suggest that CCKR antagonist monotherapy has anti-tumor and anti-metastatic properties. One reported mechanism by which L364,718, decreases Panc02 invasiveness in vitro and metastases in Panc02 orthotopic tumors is related to changes in tumor VEGF-A levels [28] .
In our investigation, we found that combined therapy with a CCKR antagonist and an immune checkpoint antibody changed the number and type of immune cells in the cancer microenvironment. Some differences in treatment efficacy between the two CCKR antagonists used in our study were observed. A possible explanation for why L364,718 monotherapy was not as effective in inhibiting tumor growth as proglumide may be due to the intermittent administration of L364,718 (three times weekly); proglumide provided a more sustained CCKR blockade since it was administered continuously in the drinking water. Although a higher dose of L364,718 could have been utilized, our preliminary studies showed that higher doses impaired gall bladder contraction and could cause cholecystitis [42] . Another possible explanation for the greater efficacy of proglumide compared to L364,718 is that proglumide blocks both CCK-A and CCK-B receptors, whereas L364,718 blocks just CCK-A receptors. Although Panc02 cells have the CCK-A receptor type, CAFs, pancreatic stellate cells, and lymphocytes have both types of receptors. Therefore, proglumide may have a greater impact on altering the tumor microenvironment to render it more susceptible to immune therapy. For human studies where the CCK-B receptor is the predominant receptor type on the cancer epithelial cells, proglumide would also be the preferred antagonist since it has greater activity at the CCK-B receptor [26, 29] . Proglumide is an older drug that was originally developed for peptic ulcer disease [43] and approved dosages of proglumide (up to 1200 mg), have been given without toxicity. Another potential benefit of using CCKR antagonists in cancer patients is that CCKR blockade may improve pain [44] . Proglumide is currently formulated and in use as an oral preparation in Europe as Protaxon forte (proglumetacin) for control of pain. Therefore, translating this therapy into clinical practice is possible and may offer new insights to treatment of pancreatic cancer.
A variety of treatment strategies have been tried to enhance immune responsiveness of cancers. One approach has been with the use of low-dose cyclophosphamide [45, 46] to decrease the immunosuppressive Tregs. Another recent approach has been the use of toll-like receptor agonists to increase the response to tumor vaccines and immune checkpoint antibodies [47] . In our investigation, we found that CCKR antagonism and immune checkpoint antibodies also significantly decreased the Tregs, perhaps making the tumors more immune sensitive.
A new finding from this investigation is that the murine cancer cell line, mT3, derived from organoids of the mutant KRAS mouse expresses CCK-B receptors and not CCK-A receptors. Animal models to study cancer progression and therapeutics are essential but these animal models are most useful when they resemble human cancers, particularly with respect to genetics, inflammation, and the immune system in carcinogenesis and therapy. Hence, athymic nude mice bearing human cancer explants are being replaced by genetically modified animal models with intact immune systems. Panc02 cancer cells have traditionally been used to create a syngeneic immune-competent murine model of pancreatic cancer. However, unlike human pancreatic cancer, Panc02 cells express wild-type KRAS and CCK-A receptors. Since CCK-B receptors become expressed in the Pdx1-Cre/LSLKras G12D mouse under the influence of mutated KRAS [21] , it is not surprising that the mT3 cells derived from this model also express the CCK-B receptors and more closely resemble human pancreatic cancer. Findings from our work may influence cell lines used in future studies in immunecompetent murine models of PDAC.
Another new discovery from our investigation is that CCKR blockade decreases tumor-associated fibrosis that has been proposed to impair therapy [34] . Proglumide reverses fibrosis by the interference of gastrin or CCK signaling with the CCK receptors on pancreatic stellate cells to prevent activation [31, 32] . We showed that CCKR antagonist therapy decreased fibrosis in the pancreas of orthotopic tumors and fibrosis in the mutant KRAS model of carcinogenesis. Pancreatic stellate cells and fibroblasts possess both CCK-A and CCK-B receptor types and complete inhibition of collagen is reported with blockade of both receptors [31] . In the current study, we showed that CCKR antagonist therapy prevented activation and fibrosis from both pancreatic stellate cells (orthotopic model) and CAFs (subcutaneous tumors). CCKR have also been described on fibroblasts in the periphery [30] (away from the pancreas) and the CCKR antagonist therapy was also effective for tumors remote from the pancreas suggesting that this therapy would be effective Fig. 3 Effects of CCKR blockade with L364,718 and CTLA-4 antibody on survival and tumor immune cells. a Kaplan-Meier survival curve for immune-competent C57BL/6 mice bearing Panc02 subcutaneous tumors show that all control animals (PBS) had died by day 50 when 42% of the CCKR antagonist (CCK) treated, 42% of the CTLA4-Ab (CTLA4) treated, and 71% of the combination-treated mice were still alive (*p < 0.05). b Foxp3+ (Tregs) immune cells decrease in the tumor microenvironment with combination therapy. c CD8+ cell numbers increased in pancreatic cancer treated with the combination of CTLA-4 immune checkpoint blockade antibody and CCKR antagonism. d CD4+ cell numbers were increased also in tumors of mice treated with the combination of the CCKR antagonist and a CTLA-4 immune checkpoint blockade antibody. e CD4+ and CD8+ tumor-infiltrating lymphocytes analysis by flow cytometry. Although both populations of T cells increased with therapy, the increase in the number of infiltrating CD8+ cells was greater. The CD4:CD8 ratio decreased significantly with the combination therapy using both the CCK receptor antagonist and the CTLA-4 antibody ◂ for even metastatic lesions or perhaps other cancers associated with extensive fibrosis. Several methods have been tried to decrease the fibrosis associated with the pancreatic cancer tumor microenvironment [48] [49] [50] [51] in an attempt to improve therapy. Some have tried to decrease tumor-associated macrophages using compounds, such as PF-04136309 Fig. 4 Effects of CCKR blockade with proglumide and PD-1 antibody on growth of mT3 murine pancreatic cancer. a Growth curves over time shows that CCKR antagonist monotherapy (**p < 0.01), PD-1 monotherapy (***p < 0.001), combination therapy (***p < 0.001) significantly slowed tumor growth of mT3 tumors compared to PBS controls. b CD4+ tumor-infiltrating lymphocytes increased with each of the treatments compared to PBS controltreated mice. c CD8+ tumor-infiltrating lymphocytes increase with each of the treatments compared to PBS. d Foxp3+ (Tregs) decrease with each of the treatments compared to PBS control-treated mice. e Control-treated mice mT3 tumors also exhibited dense fibrosis as shown by Masson's trichrome stain (e-1). Fibrosis was decreased in tumors of mice treated with the CCKR antagonist (e-2) but not in tumors of mice treated with PD-1 antibody monotherapy (e-3). Combination treatment decreased tumor-associated fibrosis similar to that of proglumide-treated mice (e-4). f Quantitative analysis of intratumoral fibrosis demonstrated significant differences in mice treated with proglumide by Kruskal-Wallis analysis (**p < 0.01) that blocks CCL2-CCR2 chemokine axis [52] . Investigators are also studying the use of hyaluronidase to decrease tumor-associated fibrosis and improve chemotherapy [53] . All these strategies demonstrate that by decreasing fibrosis of the tumor microenvironment, therapy to pancreatic cancer can be improved. Unfortunately, many of the methods have systemic toxicity and unlike our approach, these other approaches do not directly attack the tumor epithelial cells, metastatic cells, or recruit effector T-lymphocytes. As a result, these other methods typically require secondary chemotherapeutic agents, such as gemcitabine to decrease growth of the cancer. One potential advantage of using the CCKR as a target for pancreatic cancer treatment is that there are CCKRs located on all three important components of the tumor including the cancer cells, the CAFs, and the immune cells. Given the poor prognosis of advanced pancreatic cancer, novel treatments such as the use of CCKR antagonists should be explored in the clinic.
